Stagnation m the success of control programmes in pig production in Denmark has led to an increased interest in the development of alternative control strategies such as decontamination of carcasses to further decrease the attribution of pork meat to human foodborne illness. This project sets out to develop a model for quantitative estimation of slaughterhouse output of Salmonella and Yersinia . Distributions of the occurrence of Salmonefla, Yersinia and E. coli on pork carcasses are based on the analysis of paired faecal samples and carcass swabs from 2880 animals originating from four abattoirs. By combining the estimated quantity of faecal contamination of carcasses with a semi-quantitative distribution of the number of Safmoneffa or Yersinia per gram faeces, an output distribution describing the number of Salmonella or Yersinia bacteria per carcass can be established. In order to validate the model, carcass swabs, analysed for Salmonefla and Yersinia serve as control. After the model has been validated , the effect of various decontamination methods on human exposure to foodborne pathogens in pork will be evaluated in both economic terms as well as with regard to public health impact.
Introduction
During the last decade, control programmes in pig production have contributed considerably to improving food safety in Denmark. However, stagnation is currently observed in the Salmonefla control programme which has led to an increased interest in the development of alternative control strategies from both the industry and the authorities to further decrease the attribution of pork meat on human foodborne illness.
Faecal contam ination of carcasses during the slaughter process is unavoidable and the degree of contamination depends on the applied slaughter techniques and manual handling of the carcasses. Faecal material on the carcass surface can contain pathogens that, if not removed during further processing, pose a threat to food safety at the point of consumption. Surface decontamination of carcasses can lead to a significant reduction of pathogens on carcasses. Our believe in the potential benefit of decontamination of fresh meat at the harvest l~vel of pig production on food safety forms the basis of our control efforts at this stage of pig production.
A prerequisite for a general acceptance of the implementation of general endpoint decontamination processes at the slaughter line is that there is firm scientific evidence available on the consequences of these procedures on food quality and safety, as well as risk perception of consumers, for the decision-making process for the industry and the authorities. In order to provide science-based decision support, a project was initiated to evaluate the ability of several carcass decontamination methods in eliminating pathogens on the surface as well as in deep-skin structures on the carcass. As part of this project, we are developing a simulation model to produce quantitative estimates of Salmoneffa and Yersinia contamination of pig carcasses by linking quantitative measurements of these pathogens in faeces to faecal E. coli contamination of carcass surfaces. Though Sa/monefla, Yersin ia and E. coli are used as model organisms, our findings regarding pathogen reduction and decontamination are expected to be applicable more broadly.
Materials and Methods

Data
Four abatto1rs were selected to participate in th1s study, two with a level of contammat1on above average and two with a lower level as determined by routine hygiene control procedures. For a period of 18 months , each abattoir is sampled six times. At each sampling , 120 ammals are selected randomly. This will g1ve a total of 2880 ammals sampled , 720 for each abattoir.
From each selected ammal a faecal sample is collected from the rectum or colon after evisceration and marked for identification later at the slaughter line. Further down the slaughter line, the same carcass is sampled by the swabbing of both half carcasses (ca . 2800 cm2 ) pnor to any surface cleaning procedures. Samples are analysed quantitatively for E. coli, and sem1-quant1tatively for Yersinia and Salmonella. The results of faecal and swab samples are pa1red for each an1mal. The obJeCtive of the sampling is to determine the distribution of faecal contamination on carcasses and the distnbution of pathogens and indicator organisms in faeces .
The models
For the development of the simulation models, Microsoft Excel (Microsoft Corp., USA) and @RISK software (@RISK 4.5, Palisade Corp., USA) were utilised. The principle of the models is to draw random paired results of the concentration of E. coli in faeces and in carcass swab samples to estimate the faecal contamination of the carcass in two steps.
1. The total number of cfu on the carcass is estimated from the swab sample concentration as follows :
cfulml in swab => cfu on 2800 cm 2 swabbed surface => cfu on total carcass surface 2. The total number of cfu on the carcass is linked to the concentration of E. coli found in faeces of the same animal:
gram faeces) =gram faeces
Finally, the estimated carcass faecal contamination IS combined with the concentration of Salmonella or Yersmta that the ammal harboured in Its faeces to g1ve an estimated number of pathogens per carcass, e.g.:
gram faeces x (cfu Salmonella/gram faeces) = total cfu Salmonella
Since Salmonella and Yersinia concentrations are analysed semi-quantitatively (i e. given in 1ntervals), a random concentration is selected with1n the observed concentration interval where all values have an equal probability of being selected (i.e. a uniform distnbution).
To explore any associat1on between concentrations of E. coli, Salmonella and Yersmta , regress1on models were bUilt to prov1de est1mates that can be used to link the vanous d1stribut1ons 1n the model. The simulation results will be validated through carcass measurements of Salmonella contam1nat1on.
Statistical analysis
Data were clustered m space (i.e. slaughterhouse) and t1me (i.e. sampling round} as pa1red faecal and swab samples from p1gs Regress1on analyses were performed to determine associations between the occurrences of different bactenal spec1es m the pa1red samples. The type of regression analysis was determined by the nature of data The stat1st1cal package SAS was used for the analysis.
E. coli in swab and faecal samples
A mixed model was used to analyses the assoc1at1on between the dependent vanable E coli 1n swab samples and the explanatory variable E. coli 1n faecal samples Abatto1r and sampling date Within abattoir were included as random effects. (Fig. 1 ) .
Since the observed data are used directly in Model I. any underlying dependencies that may exist between the various parameters in the model are assumed to be .tf accounted for. Model II draws random values from log-transformed distributions for E. coli concentrations in faeces (RiskNormal(5.73, 0.95)) and in swab samples (RiskNormal(2,38, 1.1 0)) that were defined based on the properties of the raw data .
The estimated carcass faecal contam ination is derived from the E. coli concentration in faeces and the total number of cfu estimated from swab samples as described above (Fig. 2) . For Salmonella and Yersmta , each iteration during simulation of the model has a probability of returnmg a pos1t1ve sample equal to the prevalence of positive carcasses found tn thts study (RiskBinomial(1 ,0.0541 )). For each positive sample, a semt-quantitative concentration interval is selected (column F, Fig. 3 ) with a probability equal to the distribution of posittve faeces intervals observed in this study (column J, Fig . 3 ). Then, a random concentration is selected wtthin the selected interval as described above . Currently in Model II , the various distributions from which values are drawn are not linked to each other Prelimtnary results from the regression analyses suggest that some of the distributions can be modelled independent from each other, whereas others need to be linked to produce realistic results
We found a positive and significant assoctatton (P<0.0001) between the number of E. coli in faeces and the number of E coli tn the patred swab sample. The covariance parameter estimate for sampling date wtthm abattoir (0.6065) was almost twtce as large as the covariance parameter esttmate for abattotr (0.3646) indicating that day-to-day variation within the slaughterhouse contributes to the observed variation.
There was an indtcatton of a posittve association between the number of E. coli and Salmonella bactena found 1n faeces , however thts assoctation was not sigmficant. In this analysis abattoir was signtficant (P<0.0001) whtch means that the number of Salmonella bacteria the pigs are shedding varies between slaughterhouses.
The final analysts also indicated a posittve, but non-stgnificant association between the number of Salmonella bacteria found 1n swab samples and in faecal samples.
Discussion
From 2001 , the estimation of human exposure to Salmonella from contamtnated pig carcasses m Denmark has been based on qualitative and/or quantttative results of carcass swabs However. the sensttivity of swab sampling ts generally constdered lower than that of faecal sampling. The perspective of the model under development, where the pathogen analysis ts restncted to faecal samples, is that faecal sampling is simple, several pathogens can be monitored Simultaneously from a stngle sample, and the results from faecal samples also prov1de Information on the distribution of the pathogen at farm level. Thts makes faecal sampling an attracttve momtoring method , especially for low-level pathogen contamination When the models are finalised, results from Model II will be compared to results from Model I, as well as to the Salmonella and Yersinia distributions obta1ned through swab sampling of carcasses However, the obtamed swab sample distnbutions will also need to be adjusted for non-perfect sensit1v1ty of the dtagnosttc methods used . Gtven the 1mportance of day-to-day vanatton and between-abattotr variation , these factors will be Incorporated mto Model II Furthermore , we may want to allow for cross-contam1nat1on 1n Model II After Model II has been validated. the effect of various decontammatton methods can be stmulated and thetr relattve decrease 1n human exposure to foodborne pathogens 1n pork will be evaluated in both economtc terms as well as with regard to public health tmpact
